N-myc downstream regulated gene 1 (NDRG1), also known as differentiation related gene 1, was previously identified as an up-regulated gene upon cellular differentiation. Even though its sequence along with its expressional pattern in cancer cell lines are evident, the functional aspects concerning cell proliferation, viability, differentiation and cell cycle regulation of NDRG1 remains vague. The aim of the present study was to elucidate the functional role of NDRG1 in human prostate cancer. Our results showed basal levels of NDRG1 expression in PC-3 (poorly differentiated, null p53), DU-145 (moderately differentiated, mutant p53) and LNCaP (well-differentiated, wiled type p53). Nevertheless, NDRG1 sequencing assay disclosed no mutations in the gene. Furthermore, human cDNA of NDRG1 from normal placenta was cloned into a eukaryotic expression vector and transfected into the three cancer cell lines. This resulted in over-expression of NDRG1, which in turn markedly up regulated two differentiation markers of the prostate tissue, p21 and cytokeratin 8/18. Unpredictably, cell cycle progression, cell proliferation and DNA synthesis were unaffected following NDRG1 expression. These results revealed that NDRG1 is functional in prostate cancer cells and able to induce expression of differentiation factors through p53 independent pathway. However, the pathway downstream NDRG1, involving p21 and c8/18, regulating cell cycle progression and DNA synthesis is unfunctional. Loss of sensitivity to p21 cell cycle control may be associated with prostatic cancer behavior. Further studies are required to clarify the intra cellular molecular pathways affecting NDRG1 function in human prostate cancer.
Introduction
Prostate cancer emerges as a central problem of male's public health in recent years, as it develops mainly in elderly men making its incidence to be continuously growing in an era characterized with ageing of the population. The development of prostate cancer is considered to be dependent on a number of gene abnormalities, and in this manner, the molecular biology research in this field is obvious and essential. Comprehending the molecular aspect of prostate cancer will aid in prevention, provide molecular markers for diagnosis, support the development of tumor staging along with classification, and shift towards novel therapeutic targets in the treatment for highly developed and metastasized cancers. In this study, NDRG1, a proliferation related gene, was investigated in order to clarify its functionality in human prostate cancer cells.
N-myc downstream regulated gene 1 (NDRG1), which is mapped to the human chromosome 8q24.2, was initially identified by differential display as up-regulated gene in cellular differentiation [1] . Further studies revealed that NDRG1 is involved in carcinogenesis development, metastatic spreading, atherosclerosis, differentiation and cell survival [2] . This gene encodes a 43 kDa protein that contains three tandem repeats of 10 amino acids (Gly-Thr-Arg-Ser-Arg-Ser-His-Thr-Ser-Glu) at the C-terminal end, and possesses several phosphorylation sites of protein kinase A [3] . NDRG1 is a member of the NDRG family, which belongs to the α/β hydrolase super family with no specific attributable function [4] . This family includes three additional highly conserved proteins: NDRG2, NDRG3 and NDRG4, which are distinct in their expression pattern without any homology to other known proteins [5] . NDRG1 was reported to be up regulated by DNA damaging agents in addition to cellular stress induced by hypoxia, exposure to nickel, homo-cysteine and calcium ionophores, as well as by various differentiation factors e.g. androgens and estrogens [6] [7] [8] [9] . ER stressinduced agents, in addition to inhibition of DNA methylation and histon-deacetylation, were also detected as upregulators of NDRG1 gene [10] .
The expression alongside the function of NDRG1 is cell type dependent, as it was shown by numerous studies. Decreased levels of NDRG1 were found in colon, breast and prostate cancer tissues compared to their normal cell lines, whereas other studies showed up-regulated NDRG1 during differentiation and growth arrest in colon, esophageal, pancreatic and prostate cancer metastasis, which were further correlated with tumor aggressiveness and poor survival of hepatocellular carcinoma patients [11, 12] .
NDRG1's functional aspects in prostatic tumor progression, local invasion and metastatic spread, remain rather indefinite and controversial. To further elucidate the function of NDRG1 in prostate cancer cells, cDNA of NDRG1 from normal human placenta was cloned and over expressed in three human prostate cancer cell lines with diverse differentiation levels and different genotypic/phenotypic features. Our results indicate that over expression of NDRG1 increases levels of the differentiating factors, p21 and c8/18, without affecting cell cycle, proliferation and DNA synthesis.
Materials and Methods

Cell Culture
The human prostate cancer cell lines; PC-3 (deficient in p53 gene, androgen-independent and poorly differentiated), DU-145 (mutant p53 gene, androgen-independent and moderately differentiated) and LNCaP (wild-type form of p53 gene, androgen-dependent and well differentiated) were used in this study. Cells were maintained in humidified atmosphere of 5% CO 2 in air, at 37˚C in RPMI-1640 medium (LNCaP, DU-145) or in F-12 (PC-3) with L-glutamine, supplemented with 10% fetal calf serum (FCS), 100 µg/ml streptomycin and 100 U/ml penicillin. For DU-145 cells, 5 µg/ml of insulin were added.
NDRG1 Cloning
To create mammalian expression plasmid, total mRNA was isolated from normal human placenta tissue and reverse transcribed to cDNA. cDNA of NDRG1 was amplified by PCR reaction using the forward primer (5'-TTAGGCAGGTACCAGCAGGGACATG-3'), which contained the Kozak sequence and the KpnΙ restriction site, and the reverse primer (5'-GAGGAGGGGGCCACTCGAGAGATCAGAGTC-3'), which included the XhoΙ restriction site. The PCR amplification conducted with initial denaturation step of 95˚C for 2 min and 40 cycles of the following conditions: 95˚C for 30 sec, 58˚C for 1 min and 72˚ for 3 min. Final step of 72˚C for 10 min was performed. The PCR product was cloned into the cloning site of the eukaryotic PCDNA3.1+ expression vector (Invitrogen, San Diego, CA), which contains a CMV promoter. Plasmid insert was fully sequenced to ensure that no mutations existed in the PCR product of the NDRG1 gene. The human prostate cancer cell lines (PC-3, DU145 and LNCaP) were transfected either with PCDNA3.1+/NDRG1 or with an empty vector, using FuGENE 6 (Roche, Mannheim, Germany) according to the manufacturer's protocol. Cells were analyzed, 72 h post transfection for the expression of NDRG1 by RT-PCR, which was further confirmed by western blot.
Western Blot
Proteins were extracted using RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) containing protease inhibitors (30 μg/ml aprotinin, 2.5 μg/ml leupeptin, 10 μg/ml pepstatin and 1 mM phenylmethyl fluoride). Samples were electrophoresed on nondenaturing 10% sodium dodecyl sulfate-polyacrylamide gels. Proteins were then transferred to a 0.2 µm pore size nitrocellulose membrane (Sigma, St. Louis, MO) at 250 mA for 2.5 h. The nitrocellulose membrane was incubated in 5% nonfat dry milk for 1.5 h at room temperature, followed by overnight incubation with primary antibodies; anti-NDRG1, anti-p21 and anti-c8/18 goat polyclonal antibodies obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The next day, three consecutive washes in PBS containing 0.1% tween-20 (10 min/wash). The membrane was then incubated with secondary antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA). Finally, the nitrocellulose paper was reacted with enhanced chemiluminescent substrate (Biological Industries, Beit-Haemek, Israel) for 5 min, and exposed to X-ray film. The western blotting results were quantified using a densitometer, and actin level (as standard protein occurring naturally in these cells) was taken as a reference.
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Cell Viability
Cell viability was determined by XTT cell proliferation assay kit (Biological Industries, Beit-Haemek, Israel) according to manufacturer's protocol. The absorbance of each sample was measured with a spectrophotometer (Tecan, Spectra (Shell), Austria) at 450 nm wavelength.
DNA Synthesis
BrdU (5-bromo-2'-deoxyuridine) kit from Roche (Mannheim, Germany) was used according to manufacturer's protocol. In brief, cells were plated onto 96-well plates (5 × 10 4 cells/ml) and transfected 24 h later. Cells were incubated with 10 µM BrdU, for 4 h and BrdU was detected with monoclonal anti-BrdU-POD and Fab fragments using spectrophotometer at a wavelength of 405 nm.
FACS Analysis
Cells were trypsinized 72 h post transfection and were washed by PBS along with fixation with 70% ETOH for 1 h. Cells were incubated with 0.1% NP-40 for 5 min at 4˚C and washed again with PBS followed by incubation with 100 µg/ml RNase and 50 µg/ml PI (Sigma, St. Louis, MO) for 20 min. Finally, cells were analyzed using FACS Calibur flow (Becton Dickinson, NJ, USA).
Statistical Analysis
Each experiment was repeated at least three times, and results were expressed as a mean ± S.D. Statistical analysis of data presented were performed using SPSS software, significance was determined at P < 0.05. For analysis of protein expression, two-tailed student t-test was used, while two-tailed Man-Whitney analysis was performed for cell viability and DNA synthesis experiments.
Results
NDRG1 Shows Basal Expression Levels in Human Prostate Cancer Cells
Untransfected cells, which were tested for NDRG1 expression in both mRNA and protein levels showed basal expression of NDRG1 in the three cell lines tested; PC-3, DU-145 and LNCaP (Figure 1) . Keeping in mind that NDRG1 gene induced differentiation in colon cancer cell lines and was up regulated in differentiated conditions, a mutation in the gene was suspected, enabling NDRG1 to be expressed in the cells without fulfilling its functions. Consequently, cDNA from the cell lines were fully sequenced. However, no mutations were detected in the coding sequence of the gene (data not shown). To further investigate the functional role of NDRG1 in the prostatic cancer cells, the NDRG1 gene from normal human placenta biopsy, was cloned into a eukaryotic expression fected to the human prostate cancer cell lines. Gene ex- 
N-myc
vector PCDNA3.1 under a CMV promoter, and transpression following transfection was confirmed by RT-PCR (Figure 1(a) ) and further substantiated by western blot analysis (Figure 1(b) ). NDRG1 was mostly overexpressed in DU-145 cells (4 folds of control), followed by PC-3 cells (2 folds of control). The over expression in LNCaP was mild but statistically significant. Western blot results revealed that NDRG1 expression was partially phosphorylated as reported earlier [3] .
Up-Regulation of NDRG1 Alters Expression
Levels of Differential Factors.
Two differentiation related proteins; c8/18 and p21 were analyzed for the effect of NDRG1 on the differentiation and growth pattern of cancer cells. Cytokeratin 8/18 (c8/ 18) plays an important role in differentiation, tissue specialization and functions to preserve the overall structure of epithelial cells. Alternatively, p21 is an inhibitor of the activity of cyclin-CDK2 complexes and consequently operates as a cell cycle progression regulator. Alterations in expression levels of these proteins, 72 h post transfection, were tested by western blot. The NDRG1 over-expression markedly up regulated the two differential markers, p21 (Figure 2(a) ) and c8/18 (Figure 2(b) ), compared to the controls. The highest relative levels (transaction vs. control) of p21 were detected in PC-3 and LNCaP cell lines, while the highest relative expression of c8/18 was evidenced in PC-3 cell line. Both, p21 and c8/18 were less over-expressed in DU-145 cell line.
NDRG1 Fails to Influence Cell Proliferation and DNA Synthesis Rates
Cell proliferation (Figure 3) , DNA synthesis ( Figure 4 ) and cell cycle analysis ( Figure 5) were conducted 72 h post transfection. Since p21 and c8/18 showed remarkable increase following transfection, a reduction in proliferation and a tendency toward differentiation were expected. Surprisingly, the results indicated that over-expression of NDRG1 had no effect on cell viability and on DNA synthesis levels. Furthermore, over-expression of NDRG1 failed to influence the cell cycle phases of the treated cells.
Discussion
NDRG1 was identified previously as a gene that was down regulated in tumors of colon, pancreas, esophagus, breast and prostate [11] [12] [13] . Its expression is induced by differentiation stimuli in cancer cells, and its up regulation in colon cancer cells induced morphological and molecular changes that were consistent with colon cancer cell line differentiation [10] . Moreover, studies reported that NDRG1 suppressed invasion of bladder cancer cells in vitro, liver metastasis in nude mice and tumor metastasis of prostate cancer in vivo [11] . On the other hand, over-expression of NDRG1 was proved to be an indicator of poor prognosis in hepatocellular carcinoma [14] . Although many are known regarding the genomic events which regulate NDRG1 expression, little is known about the non-genomic and protein level regulators of this gene. Since cell differentiation is a pivotal function of NDRGI, two differentiation factors: p21 and c8/18, representatives of cell cycle control and cytoskeleton network in human prostate cancer, respectively, were explored in this study. Previous studies showed that NDRG1 was identified as a gene that is rapidly induced by p53 and it is necessary but not sufficient for apoptosis initiated by p53 [15] . To date, the exact biological role of NDRG1 remains unclear. In order to clarify the role of NDRG1 in prostate cancer cells we transfected the cDNA of NDRG1 into three different cell lines of human prostate cancer with diverse differentiation levels, androgen receptor presence and p53 status. Prior to transfection, basal levels of NDRG1 were tested in the cells. The results revealed that all three cell lines expressed basal levels of NDRG1, matching in this regard, the report of Urlix [9] who showed that highest basal expression of the mRNA of the NDRG1 was detected in the PC-3 cell line which is considered to be a poorly differentiated one. Since the differentiation gene is expressed in such undifferentiated prostatic cell line, a deactivation mutation was suspected to exist, however no mutations were detected in the coding sequence of the gene. Contrary to some publications [16] , we concluded that no correlation exists between the basal expression of the gene and the differentiation degree of the cells lines.
To further clarify this enigma we over expressed the gene, which was cloned from a normal human placenta, that was previously reported to express the wild-type form of the NDRG1 gene. We hypothesized that over-expression of NDRG1 would increase the expression of differentiation factors and induce cell differentition resulting in cell cycle arrest. Indeed, both p21 and c8/18 proteins, showed clear up regulation in all three cell lines. Increased expression of p21 protein is known to prevent cell-cycle progression by inhibiting the activity of CDKs and therefore regulating the progression through the G1/S checkpoint of the cell cycle. Cytokeratin 8/18 (c8/18) was reported as an up regulated protein during differentiation of the prostate cells [17] . The present results revealed that p21 was up regulated extremely in the LNCaP cells, which expressed the transfected NDRG1 in the lowest amount. Apparently, LNCaP cells are more sensitive to the NDRG1 influence compared to the other transfected cell lines. This cell line differs from the PC-3 and DU145 cells in the expression of the androgen receptor and in the activity of p53. While LNCaP cells express the androgen receptor and the wild-type p53, PC-3 and DU145 cell lines are androgen receptor negative and p53 un or less functional, respecttively. It can be concluded that p53 contributes to the p21 and c8/18 induction by NDRG1, however, this process can be activated independently of p53 as it was proven in PC-3 and DU145 cells.
Most recent interactive data reinforce the role of NDRG1 in differentiation and cell adhesion [10] . NDRG1 was found to interact directly with two key control proteins: E-cadherin and β-catenin, cell adhesion molecule and anchorage to the actine cytoskeleton, respectively. Moreover, the loss of E-cadherin or disruption of cadherin-catenin interaction is known to potentiate metastasis spread in prostate cancer [11] . Combining the NDRG1 interactome [10] and the present data, it is evident that NDRG1 is involved in the cytoskeleton network (β-catenin, c8/18), differentiation and cell specialization (p21) and epithelial integrity (E-cadherin) in the human prostatic cell lines investigated.
Differentiation level of cells is characterized by decreased proliferation and by cell cycle arrest. After establishing the fact that NDRG1 up regulated p21 and C8/18, two classical features of differentiation state, the proliferation rate and cell cycle progression of the cells were examined, in order to reinforce our assumption that over expression of NDRG1 would cause cell differentiation. Surprisingly, the viability of the cells after transfection and the proliferation and DNA synthesis rate of the cells revealed unexpected results. Evidently, there was an up regulation of the differentiation markers of the prostate tissue, nonetheless, this did not influence the growth arrest of the cells nor the proliferation rate or the DNA synthesis rate of the transfected cells. Apparently, the human prostate cancer cells PC-3, DU145 and LNCaP lost their sensitivity to the inhibitory effect of the p21, with regard to cell proliferation and cell cycle progresssion. Earlier studies also reported the loss of function of p21 gene in these cell lines of the prostate [18] . These studies tested the functional activity of hypoxia-induced factor-1 (HIF-1), which is a known inducer of the NDRG1, in prostate cell lines. Transient transfection of the HIF-1 into these cells induced expression of p21. However, neither expression of p21 nor hypoxia caused growth arrest of the cells. The loss of p21 ability to inhibit tumor growth was reported also by Fizazi et al., [19] , claiming that the cause of this phenomenon is not understood. The assumption that it can be related to genetic alteration of the p21 was disqualified because mutations in this gene are rare in the human neoplasm, including prostate cancer. An alternative explanation can immerge from the recent discovery of several mutations in the CHEK2 and its downstream target gene TP53, in the three prostatic cell lines presently investigated [17] . It is possible that mutated CHEK2 and TP53 in LNCaP, PC-3 and DU145 cell lines or some other undiscovered mutations are at the origin of the p21 loss of cell cycle inhibitory effect. More recent studies substantiated the loss of sensitivity of LNCaP toward p21 induction [18] , while others reported an inhibitory effect of induced p21 on cell cycle in prostatic cancer cell lines, without manipulating NDRG1 expression [19] . Most probably, prostatic cell lines sensitivity to the inhibitory effect of p21 on cell cycle is p21-pathway dependent. Over expressed NDRG1 induced p21 incapable to regulate while induction of p21 by different pathways maintained its inhibitory function of the cell cycle.
The results of the present study indicated that over expressed NDRG1 augment p21 and c8/18 expression in a p53 and androgen receptor independent pathways, without affecting cell cycle progression, proliferation rate and DNA synthesis. Future studies are needed to explore the exact molecular mechanism of the NDRG1 in prostate cancer cells.
